This paper presents the results from full-scale testing conducted at North Carolina
P
recast, prestressed concrete spandrels are commonly used in parking structures. The primary purpose of these structural members is to transfer vertical loads from deck beams to columns. In addition, spandrels often serve the dual purpose of railings or barriers around the exterior edge of such structures.
L-shaped spandrels are typically 5 ft to 7 ft deep (1.5 m to 2.1 m) with spans ranging from 30 ft to 50 ft (9.1 m to 15.2 m). They frequently have an 8-in.-thick (203 mm) web. An L-shaped spandrel is denoted by a continuous ledge that runs along the bottom of one face of the web. Because an L-shaped spandrel's ledge provides the bearing surface for the deck beams, the Lshaped spandrel is subjected to a series of concentrated, eccentric loads along its span. Large single tees or double tees are frequently used as deck beams. They typically span 40 ft to 60 ft (12.2 m to 18.3 m).
Spandrels are usually simply supported at the columns, and their ends are connected to the columns to prevent torsional rotation. In addition, the deck beams are connected to the spandrel web to provide lateral restraint to the spandrel along its length.
Applying the loads at an eccentric location with respect to the unsymmetrical, L-shaped spandrel's cross section causes vertical displacement in addition to signifi cant lateral displacement and rotation in the spandrel. The greatest effects of torsion and shear occur near the end of the spandrel. By following current code requirements, this complex structural behavior, coupled with the heavy loadings, often requires the designer to use tightly spaced, closed stirrups at the ends of the spandrel. By locating numerous closed stirrups in the end regions of the spandrel, the placement of prestressing strands and reinforcing bars is complicated and these zones become even more congested.
For many years, spandrels have been designed according to the general procedure originally proposed by Zia and McGee (1974) 1 and later by the modifi ed method introduced by Hsu (1978 and . 2, 3 The design procedure was developed based on the results of laboratory testing of small, Raths (1984) 4 and Klein (1986) 5 revealed that the behavior of spandrels is signifi cantly affected by their support conditions. A signifi cant plate-bending effect was observed in the web of the slender spandrel.
Because of this observed behavior, symmetrical-fl anged sections under controlled loadings designed to produce various combinations of torsion, shear, and bending. The procedure was not validated for slender spandrels, such as those used in practice, until investigations by the need for closed stirrups in slender, noncompact sections, such as the Lshaped spandrel, has been questioned. In addition, it has been suggested that welded-wire reinforcement (WWR) could be used effectively to reinforce the web of slender spandrels instead of using closed stirrups. Using fl at sheets of WWR would greatly simplify the fabrication process, thereby reducing the cost of production.
THE NEED FOR CLOSED TIES
Simply stated, the fundamental concept of providing reinforcement in a concrete member is to position the reinforcement to cross planes of cracking within the concrete. For fl exural and shear reinforcement, this concept is easy to visualize: longitudinal bars are provided to cross vertical crack planes for fl exure, and vertical bars are provided to cross inclined shear crack planes. The concept of using closed ties for torsional reinforcement is exactly the same; reinforcement is provided to cross planes of cracking caused by an externally applied torque. Frequently, however, the case of torsion can be more diffi cult to visualize.
It is well established that the failure of a reinforced concrete section subjected to fl exure and torsion will be Thus, for the typical web thickness of a slender spandrel (Fig. 2) , the contribution of the short legs of stirrups spaced farther than 4 in. (102 mm) apart is questionable. Such tight stirrup spacing (less than 4 in. [102 mm]) is uncommon, however, for long slender members. Thus, from the geometry of the skewed failure surface, the short legs of closed ties do not seem to signifi cantly contribute to the torsional resistance of slender spandrels.
If the short legs of closed ties are indeed insignifi cant to the torsional resistance of slender members, then the proposal to eliminate closed ties from slender spandrels has merit. Accordingly, closed ties could be replaced with a combination of straight bars, L-shaped bars, and sheets of WWR. Given the potential value of reducing the extensive production diffi culties associated with closed reinforcement, it is worth investigating whether providing closed ties in slender members is necessary.
OBJECTIVE AND SCOPE
This study's main objective was to validate the concept of eliminating closed stirrups in slender spandrels. In the experimental program, four full-scale, prestressed concrete, L-shaped spandrels were fabricated and tested to failure. in the form of skew bending. [6] [7] [8] [9] This skew plane may be idealized by three inclined edges forming a distorted surface. In compact, rectangular sections, this failure plane is crossed effectively on all four faces by closed ties, as shown in Fig. 1 . For slender sections, however, the value of the ties' shorter legs is questionable because the projection of the failure plane crossing the narrow face of the member is often less than the longitudinal spacing of such ties (Fig. 1) .
It has been suggested, considering a slender spandrel as an example, that the legs of the closed ties that cross the top or bottom edge of the web probably have minimal effect on the overall torsional resistance of the member. Rather, it is the vertical legs of such closed ties that provide the majority of the torsional resistance because these legs cross the failure plane along the much longer inner and outer faces of the web.
For a slender spandrel, assuming a failure angle of 45 degrees, the short legs of any closed ties would effectively contribute to the torsional resistance of the member only if the tie spacing s were at least equal to half of the web thickness b. A tie spacing s greater than ½b creates a situation where the top edge of the failure surface will likely pass between adjacent ties. During design and detailing of the four test spandrels, no closed stirrups were used to resist shear or torsion forces in the members (as is common in current practice). Instead, open reinforcement was provided to resist outof-plane fl exure, web plate bending, and shear.
Special reinforcement details were developed to address localized issues, such as punching shear failure in the web, web-to-ledge attachment, and ledge bending. This approach resulted in prestressed concrete spandrels that were reinforced with prestressing strands; straight mild-steel reinforcing bars; open, bent mild-steel reinforcing bars including L, U, and C shapes; and fl at sheets of WWR. Closed stirrups were virtually eliminated from the four tested beams. Figure 2 shows all of the tested spandrels, which had the same general confi guration and cross section. Two spandrels measured 45 ft 6 in. (13.9 m) long from end to end, and two spandrels measured 30 ft 6 in. (9.3 m) from end to end. All spandrels were 5 ft (1.5 m) deep and had a web thickness of 8 in. (203 mm) and an 8-in.-square continuous ledge running along the bottom of the inner web face. The ledge was cut back 12 in. (305 mm) from each end in all spandrels to replicate a typical fi eld detail, where a spandrel is supported only at its web, bolted squarely to the precast, prestressed columns.
TEST SPECIMENS
In addition, two through-holes were provided at each end of each specimen. These holes were set 6 in. 
DESIGN LOADS
In addition to their own weight, the tested spandrels were designed to support one end of a 60-ft-long (18.3 m) 10DT26 double tee weighing 718 lb/ft (10.5 kN/m.). The applied live load was 40 psf (1.9 kN/m 2 ) and the snow load was 30 psf (1.4 kN/m 2 ), both of which were considered to cover the entire deck surface. The American Concrete Institute's ACI 318 11 load factors were used. All loads applied on the spandrels acted eccentrically because they were transferred (via bearing) from the double-tee stems to the spandrel ledge.
REINFORCEMENT DETAILS
Prestressed and mild-steel reinforcement was used along with WWR to resist the combination of shear, bending, and torsion that was induced in each spandrel. Because researchers wanted to evaluate the feasibility of eliminating closed stirrups in spandrel end regions, the four test spandrels were carefully designed and detailed to prevent unwanted localized failures, such as ledge punching under the double-tee stems or ledge-to-web attachment failure.
In addition, the spandrels were overreinforced in fl exure to ensure that their failures were governed by end-region behavior. Over-reinforcement of the fl exural capacity was accomplished by increasing the number of prestressing strands in the bottom of the spandrels.
In the cross sections of the 30-ft-long (9.1 m) spandrels, SP1 and SP2, nine low-relaxation, 270 ksi (1860 MPa), ½-in.-diameter (12.7 mm) special strands were placed. Of these, fi ve the top and bottom, as shown in Fig. 2 . The holes were sized to accommodate the high-strength threaded rods used to bolt the spandrels to the test frame in a way that mimicked fi eld conditions. Embedded steel plates were provided at the inner face of each spandrel and were welded to similar plates embedded in the fl anges of the double tees. The embedded plates were centered between the double-tee stems and were located approximately 26 in. (660 mm) from the top edge of each spandrel.
All specimens in this study were fabricated by a PCI Producer Member. The two spandrels of a given length were cast together in pairs using the same strand pattern and concrete to ensure that each pair would have similar prestressing forces and concrete properties. The spandrels were delivered to the Constructed Facilities Laboratory at North Carolina State University for testing and evaluation as each was needed during the testing program. Concrete strengths for each spandrel were based on the average strength of three 4 in. × 8 in. cylinders (102 mm × 204 mm) tested in compliance with ASTM C 39 10 ( Table 1) . The entire concrete stress-strain curve was evaluated based on a pair of concrete cylinders cast with the 45-ftlong (13.7 m) spandrels to determine the elastic modulus of the concrete for use in future analysis. The measured elastic modulus of 2570 ksi (17.7 GPa) was found to be lower than the value based on 57,000 f c ' . However, this low value was consistent with data provided by the precast concrete producer, and is attributed to the characteristics of the coarse aggregate used in this concrete. were fully tensioned at the bottom of the section. A unique strand pattern was employed to accommodate 17 strands within the cross sections of the 45-ftlong (13.7 m) spandrels (SP3 and SP4). Of the 17 strands, 15 were in the bottom of the section and 8 were partially strands were fully bonded in all four members. Figure 3 shows the strand patterns and initial prestressing tension.
In addition to the prestressing strands, mild-steel reinforcement was used to provide ledge reinforcement. Figure 4 shows how the same confi guration was used in the ledges of all four spandrels.
Continuous, No. 6 (19M), mildsteel reinforcing bars ran along the outer edge of the ledge farthest from the spandrel face, providing reinforcement. C-shaped, mild-steel reinforcing bars were also placed at 8 in. (203 mm) centers along the entire length of the ledge and served to tie the ledge back to the spandrel web.
These C-shaped, mild-steel reinforcing bars were not provided directly underneath the double-tee stems, however. A weld detail was developed for these locations to provide closer bar spacing, enhanced web-to-ledge attachment, and greater resistance to punching shear. The detail consisted of short pieces of angle welded to closely spaced, bent, mild-steel reinforcing bars. The bars hooked around the strand in a similar manner to the C-shaped bars, allowing the attached steel angles to remain fl ush with the inner face of the ledge. Tables 2 and 3 present the reinforcement confi guration within each spandrel web. Because general guidelines for designing concrete members without closed ties do not exist, the reinforcing schemes were developed using the design approach briefl y summarized in the following section.
In all spandrels, fl at sheets of WWR were provided on the front and back tensioned. This unique strand pattern was employed to provide suffi cient longitudinal reinforcement to prevent premature fl exural failure during testing while keeping the prestress level realistic for a given span.
Prestressing was the same for both spandrels of a given length, and all SP1 and SP2 
SP2:
First bar 20" from ends. 9 bars in next 55". Spaced 12" thereafter. faces of the webs. The WWR was supplemented by L-shaped bars that ran along the front face and hooked underneath the prestressing strands. In spandrels SP1 and SP2, two different sizes of WWR were used on the front face of the beam. A more tightly spaced WWR was used at the ends of these beams, but this was replaced by one with a wider spacing outside of the end regions. In addition, fi ve closed-loop, mildsteel stirrups were provided at each end of SP1 and SP2 to provide additional confi nement. For the 45-ft-long (13.7 m) spandrels, these stirrups were eliminated in favor of two pairs of Cshaped, mild-steel reinforcing bars at each end, which resulted in beams completely devoid of closed reinforcement.
DESIGN APPROACH
Because no formal approach currently exists for the design of slender spandrels without closed mild-steel reinforcement, the following guidelines were used to create the spandrels tested in this program. It was also hoped that this approach would demonstrate the potential for designing slender spandrels without closed ties.
The general approach followed in the design of the test spandrels was to reinforce the spandrel webs for out-of-plane web bending in lieu of designing directly for torsion. Some brief details of the design concept are outlined using • Torque acting on the spandrel cross along the inner face of the spandrel (ledge side) so that requirements for hanger reinforcement were met. The inner face reinforcement also had to satisfy half of the verticalshear-reinforcement requirement in addition to meeting the out-ofplane bending requirement along the assumed 45-degree failure plane. A combination of WWR and L-shaped mild-steel reinforcing bars was used to meet these requirements. At the ends of the members, where out-of-plane plate-bending effects were most demanding, the L-shaped mild-steel reinforcing bars and WWR were supplemented with longitudinal mild-steel reinforcing bars, either straight or Ushaped, to resist the tensile forces across the assumed failure plane. The way in which reinforcement is distributed within the inner face section was determined from the applied loads and the eccentricity of the ledge reaction. The torque generated due to the eccentric dead load from the ledge itself was neglected.
• The applied torque was used to calculate the lateral reactions at the connections to the columns.
• The failure plane was assumed to be a 45-degree line extending upward from the center of the bottom connection.
• The perpendicular distance between the center of the top horizontal connection and the assumed 45-degree failure plane R is the moment arm acting on that failure plane.
• Requirements for hanger reinforcement and vertical shear reinforcement are calculated using conventional methods.
• Reinforcement was distributed 
SP4:
First bar 15" from ends. Spaced 6" thereafter. • Reinforcement was provided on the outer face of the web (the face without a ledge) to satisfy half of the total vertical shear reinforcement requirement.
In the case of both tested spandrels, this reinforcement was provided by a continuous sheet of WWR.
• Web bending is checked about a second 45-degree plane, drawn to include the effect of the lower lateral reaction. Because the lateral reactions are assumed to be equal, the magnitude of the out-of-plane bending moment will be the same intended lateral load transfer from one double tee to adjacent double tees as the spandrels defl ected during testing. The test setup consisted of several primary components, including the following:
• A system of columns, beams, and supports was designed to transfer the end reactions of a spandrel to the strong fl oor with minimal support defl ections. A spandrel end rested on a rigid support base, which provided the vertical reaction. Each spandrel end was also restrained by heavy threaded rods to a rigid steel column, providing lateral restraint.
• A system of spreader beams, tiedown rods, hydraulic jacks, and a control system was designed to produce the required applied load at the secondary plane as it is at the assumed failure plane.
TEST SETUP
The general setup used to test both lengths of spandrels was the same (Fig. 6) . Spandrels were simply supported and loaded with simply supported double tees. One end of each double tee rested on the spandrel ledge, while the other was supported on a system of large precast concrete blocks and steel channels.
Each double tee was connected to the inner spandrel face via a single deck tie centered between stems. This tie was welded to plates embedded in the spandrel web. The double tees were not connected to one another to prevent un- that was evenly transferred to the appropriate points on the test specimens.
• A system of concrete support blocks, steel channels, and tie-down rods supported the end of the double tee opposite the spandrel.
• An array of load cells and other instrumentation monitored spandrel behavior.
• Figure 6 shows the profi le of a typical test setup. The primary difference between the setup for the 30-ft-long (9.1 m) and the 45-ftlong (13.7 m) specimens was the extra double tees needed for the longer spandrels. For the tests of spandrels SP1 and SP2, three 10-ftwide (3 m) double tees were used to load the spandrel ledge. However, for spandrels SP3 and SP4, four 10-ft-wide double tees were used in conjunction with a 5-ft-wide (1.5 m) single tee to cover the 45 ft (13.7 m) length. Because one hydraulic jack was used to load each double-tee section, a half-capacity hydraulic jack had to be used to load the lone stem of the single tee. This confi guration ensured that at a given pressure, the load produced by the smaller jack on one stem was half of that produced by the larger jack on two stems. In addition, the deck tie for the single tee had to be centered directly over this tee's stem. Figures 7 and  8 show photographs of the completed test setups for a typical 30-ft-long (9.1 m) and 45-ft-long (13.7 m) specimen, respectively.
LOADING SEQUENCE
Based on the design loads discussed previously, the end reactions for several desired load combinations were determined. These reactions were monitored throughout all of the tests and served as the basis for controlling the hydraulic-jack loading system during each test. The spandrel end reaction is considered the total vertical force necessary to support one end of a simply supported test spandrel.
The following load combinations were used in the test program: service load, DL + LL; reduced service load with snow (specifi ed by the American Soci- It should be noted that references to DL in this testing program assume that the spandrel is supporting the reaction of a 60-ft-span (18.3 m) double tee. However, due to space limitations in the laboratory, a 12-ft-span (3.7 m) double tee was used in the test setup. Thus, the design DL is not simply equal to the self-weight of the test spandrel and the associated 12-ft-span double tees. The loading system was used to introduce extra DL into the system to represent the full reaction of a 60-ftspan double tee.
Load was applied to each spandrel in cycles. For the 30-ft-long (9.1 m) spandrels, load was applied until the reduced service with snow reaction was reached. The spandrel was then unloaded and subsequently reloaded to the factored design load level, which was held for 24 hours. After 24 hours, the spandrel was unloaded from the factored load and its defl ection recovery was monitored for 1 hour.
At the end of the hour (providing the spandrel passed the ACI 318 recovery criterion), the spandrel was loaded again until failure. Observations were made, and cracks were marked at all pertinent load levels for each cycle. The load was held at these various levels during all cycles to provide time for marking of cracks and making observations.
The 45-ft-long (13.7 m) spandrels were tested in a similar fashion, except that they were loaded with one additional loading cycle. These spandrels were loaded to service, unloaded, and then reloaded to service plus snow. The loading program from that point was identical to that just described for the 30-ft-long (9.1 m) beams, including the 24-hour load test.
Bearing Pads
In discussing the setups for all four spandrel tests, it is important to mention the bearing pads used in the various tests. Because boundary connections are critical to slender spandrel behavior, bearing pads can have a large infl uence on spandrel response.
In the fi rst test (spandrel SP2), fl exible neoprene pads were used between the double-tee stems and the spandrel ledge. These pads deformed severely, even under the self-weight of the deck alone. In this fi rst test, no bearing pads were used between the main spandrel reactions and the steel plates resting on the main load cells. All spandrels were cast against steel forms and, thus, these bearing surfaces were originally deemed suitable for direct bearing against the steel plates with a thin layer of grout. This confi guration was initially chosen to minimize support defl ections.
While there were no particular problems related to any of the bearing locations during the testing of spandrel SP2, preliminary data indicated that the measured lateral reactions were not as high as they were theoretically expected to be. It was concluded that rotational resistance at the main supports, along with friction at the double-tee bearing locations, reduced the reactions at the lateral tiebacks. While bearing pad friction certainly exists in reality, serving to lessen the out-of-plane demands placed on a slender spandrel, by no means should this friction be relied on in design.
Because it was desired to subject the test spandrels to the most severe loading case possible, the setup was modifi ed for the remaining three tests (spandrels SP1, SP3, and SP4) in an attempt to reduce friction at all bearing locations. Tefl on-coated bearing pads and stainless-steel plates were introduced in an attempt to increase the lateral reactions and to ensure that the remaining spandrels were being subjected to signifi cant out-of-plane behavior.
In each of the three remaining tests, slide bearings were used to limit friction between all double-tee stems and the spandrel ledge and also at both vertical spandrel bearing reactions. The slide bearings proved effective, and measured lateral reactions increased signifi cantly.
INSTRUMENTATION
Four basic types of instrumentation were used to monitor spandrel behavior during testing. All instruments were wired into a computerized data acquisition system, and data were recorded electronically.
Six load cells were used to measure the vertical and lateral spandrel reactions at both ends of each spandrel. Two additional load cells were used to monitor the load being applied by the jacks. These additional load cells monitored reactions from the spreader system on top of the double tees and were used to ensure that load was being distributed evenly across the spandrel. In addition, a pressure transducer was used to monitor the pressure being applied by the hydraulic pump.
Potentiometers were used to measure the vertical displacements of each spandrel. Vertical displacement measurements were taken along the longitudinal centerline of the spandrel webs at their midpoints and at both quarterspans. In addition, vertical measurements were taken at the innermost edge of each spandrel ledge at the midpoint and at both quarterspans. A fi nal vertical measurement was taken at one of the main vertical reactions for each spandrel to monitor potential support displacement. Potentiometers were also used to measure lateral displacements of each spandrel. Lateral displacement at midpoint was monitored at the top and bottom edges of the web. Lateral displacement was also monitored at both lateral supports on one end to record any support displacements.
Inclinometers were used to measure the lateral rotation of each spandrel web at both quarter-points.
Twenty-two wire-arch gauges or PI gauges were used to measure concrete strains on the top, bottom, and inner faces of each spandrel. Three gauges were used to measure the compressive fl exural strains at the midpoint and both quarter-points on the top surface of each member. Likewise, three gauges were used along the bottoms of each member to monitor the tensile fl exural strains at midpoint and both quarterpoints. The remaining sixteen gauges were arranged in pairs on the inner surface (ledge side) at both ends of each spandrel.
TEST RESULTS
All four specimens sustained their ACI 318 factored design loads for 24 hours, and all demonstrated ultimate capacities far in excess of those factored loads. In addition, all four specimens passed the 1-hour ACI resistent with one another and were in agreement with what would typically be expected for a slender spandrel subjected to eccentric ledge loading. 5 Inner face cracking patterns were classically diagonal, refl ecting the additive nature of the principal tensile stresses caused by shear and torsion on the ledge side of the L-shaped spandrel. On the outer spandrel faces, where principal tensile stresses from shear and torsion tend to negate one another, fl exural cracking was primarily observed. Figure 9 shows the cracking patterns observed on the inner faces during testing of the 30-ft-long (9.1 m) spandrels. In both cases, diagonal cracking initiated at the outer corners of the ledge and extended upward along a diagonal at an angle of roughly 45 degrees. Moving away from the ends, cracks extended covery criterion for 24-hour load tests for both the midpoint vertical and lateral defl ections.
Tests of both of the 30-ft-long (9.1 m) spandrels were ultimately terminated due to localized failures, but both 45-ft-long (13.7 m) beams failed in their end regions due to a global skew-bending mechanism. Table 5 shows the ultimate failure loads and corresponding defl ections. It should be noted that the reactions given in the table represent the total force needed to support one end of a simply supported spandrel. These values include the selfweight of the spandrel, double tees, and loading system.
Cracking Patterns
The cracking patterns observed in all four test specimens were fairly con- from the ledge diagonally upward toward the center of the beam, but the angles of these cracks grew progressively fl atter. This gradual reduction in crack angle, culminating in nearly horizontal cracks at the center of each beam, results in the rainbow-shaped cracking pattern observed on the spandrel faces. As mentioned previously, the cracking observed in spandrel SP1 was more extensive than that observed in spandrel SP2, even though spandrel SP2 was subjected to higher loads. This discrepancy is almost certainly due to the inclusion of slide bearings in the test of spandrel SP1. Cracking in the inner faces of spandrels SP3 and SP4 was of a similar pattern to that observed in the tests of the shorter spandrels. The ends of each member were marked by extensive diagonal cracking, which primarily extended from the corners of the ledge at an angle of roughly 45 degrees. As in the previous tests, the angle of the diagonal cracks tended to fl atten out toward the center of each member, ultimately resulting in a sort of rainbow-shaped cracking pattern with near-horizontal cracks on the inner face at midpoint. Figure 10 shows the cracking observed on the inner faces of spandrels SP3 and SP4.
A few vertical fl exural cracks can also be seen extending upward from the bottom of the ledge. These cracks wrap under the bottom of the spandrels and connect to the fl exural cracks on their outer faces.
Cracking patterns on the outer faces of all four spandrels were also similar, as all exhibited fl exural cracking on the outer face, initiating at the bottom edges of their webs and extending vertically upward. As would be expected, fl exural cracks were most prominent near the midpoints of the members, with the heights of the fl exural cracks decreasing toward the spandrels' ends. Figure 11 shows this outer-face cracking pattern for spandrel SP2, which is also typical of the results for spandrel SP1. Figure 12 shows cracking on the outer face of spandrel SP3, which is also typical of the cracking observed on the outer face of spandrel SP4. It can easily be seen from the fi gures that, as with the inner-face cracking, the outer-face cracking was much more severe in spandrels SP3 and SP4 than it was in spandrels SP1 and SP2.
An interesting feature of the outerface cracking pattern seen in spandrels SP3 and SP4 is the presence of cracks extending diagonally downward at an angle of roughly 45 degrees from the top lateral tiebacks. These outer-face cracks run perpendicular to the diagonal cracks on the inner surface of the same upper corners (see Fig. 10 ).
This result is explained by the fact that the top lateral tieback has the tendency to bend back the corners of the spandrel as the inner face of the spandrel is pulled away from the supports during loading. Diagonal cracks develop along the inner surface parallel to this bend. A parallel compression zone exists on the outer surface. The principal tensile direction of this compression zone is perpendicular to the bend, which is refl ected in the cracking pattern.
Failure Modes
For spandrel SP1, loading was terminated due to a localized ledge-toweb attachment failure that developed at one end of the beam. This occurred at a load far greater than the factored design load, however, and the spandrel showed extensive diagonal and rainbow cracking in its inner face, along with extensive fl exural cracking on its outer face, prior to this localized failure. Spandrel SP2 also exhibited a localized failure, but the failure occurred at the location of one of the double tees used to load the beam.
Similar to spandrel SP1, spandrel SP2 reached a failure load much greater than the factored design load. However, spandrel SP2 only showed moderate diagonal and rainbow cracking on the inner face and moderate fl exural cracking on the outer face, even though the ultimate loads sustained by spandrel SP2 were in excess of those sustained by spandrel SP1. Recall that spandrel SP2 did not have the slide bearings that were included in the testing setup of spandrel SP1. Based on the experience gained during testing of the 30-ft-long (9.1 m) spandrels, localized failures did not occur during testing of the 45-ft-long (13.7 m) specimens. Both of the 45-ft-long specimens ultimately failed in their end regions due to a global skew-bending mechanism in combination with vertical shear. Spandrels SP3 and SP4 failed in virtually identical modes at nearly identical end reactions.
The only difference in the failures of these two specimens was that spandrel SP3 failed in the right end region, while spandrel SP4 failed in the left end region. Both of these 45-ft-long (13.7 m) spandrels failed along a skewed-diagonal crack and showed extensive diagonal and rainbow cracking on their inner faces along with extensive fl exural cracking on their outer faces.
The skew-crack plane intersected the bottom edge of a given member approximately 4 ft (1.2 m) from the respective end of that member and intersected the top edge of that member approximately 8 ft (2.4 m) from the respective end. Figures 13 through 15 show this failure mechanism for the 45-ft-long (13.7 m) specimens.
Defl ections
Because the cracking patterns were similar for all four spandrels, it is logical that the defl ection patterns also correlate. In general, vertical and lateral vertical-load-defl ection curve measured at the midpoint of spandrel SP3. This curve is also similar to the curve obtained for spandrel SP4. The curves obtained for spandrels SP1 and SP2 show similar trends but have different magnitudes of load and defl ection.
In examining Fig. 16 , note that the zero defl ection reading occurs at a spandrel reaction of roughly 22 kip (98 kN). This reaction corresponds to the self-weight of the system, including the spandrel, the double tees, and the loading system. Defl ections were assumed to be zero after each spandrel was completely assembled.
While vertical defl ection data are certainly valuable, it is the out-ofplane behavior of the test spandrels that was of real interest to the researchers. Figure 17 shows a typical loaddefl ection curve representing the top and bottom lateral defl ections as recorded at midpoint of spandrel SP4. As with the vertical-load-defl ection curve, this plot is also similar to that of spandrel SP3. In addition, it represents the general trend seen in spandrels SP1 and SP2, though magnitudes of the data were different for the shorter beams. defl ections were signifi cant features in the overall behavior of the spandrels. Measured data demonstrate that at midpoint, points at the bottom of a spandrel moved downward and outward (away from the ledge face). Points at the top of a spandrel moved downward and inward (toward the ledge face). As such, each spandrel face was substantially warped toward the end of each test.
Vertical-load-defl ection curves plotted based on values at midpoint of the spandrels illustrate the various loading cycles endured by each. Residual defl ections can be seen at the end of each of these cycles, with subsequent cycles continuing from the residual values. Horizontal plateaus are also present in the load-defl ection data, which indicate increasing defl ections at a constant load for several instances throughout the testing. These plateaus are a byproduct of holding the applied load at several intervals to make observations and mark cracks. In most cases, these plateaus represent pauses of 5 to 10 minutes during the testing, with the exception of the large plateau corresponding to the 24-hour load test.
Similar plateaus are seen in most of the recorded data. As mentioned previously, the top of the spandrel web had a tendency to move inward, which is refl ected as a positive defl ection in this graph. Outward motion of the lower points on the spandrel web is refl ected as negative. In every case, the maximum magnitude of measured lateral defl ection occurred at the bottom edge of each beam.
Again, the initial spandrel reaction of roughly 22 kip (98 kN) represents the self-weight of the spandrel, the double tees, and loading equipment. What can be seen from this fi gure is that the magnitudes of the lateral defl ections were similar to the vertical defl ections. In fact, in Table 5 , one can see that in each of the four tests, magnitudes of maximum lateral defl ections were far greater than the magnitudes of maximum vertical defl ections. This result further highlights the signifi cance of out-of-plane behavior in overall spandrel response.
DISCUSSION OF TEST RESULTS
In considering the test results, it is important to reiterate that the design of the spandrels ignored the currently level of 1.2DL + 1.6LL + 0.5SL, which is well in excess of the 0.85(1.4DL + 1.7LL) minimum loading level prescribed by Chapter 20 of ACI 318 for the 24-hour test.
What is further demonstrated by the test results is that lateral bending, torsion, and web-plate bending all greatly affected the responses of the spandrels. Even in the cases of spandrels SP1 and SP2, in which failures were localized, signifi cant out-of-plane deformations were recorded, as refl ected by the rainbow cracking patterns.
For the 45-ft-long (13.7 m) specimens, the interaction between fl exure, shear, and torsion was evident in the dramatic skew bending failure mode observed during both tests. In the case of these 45-ft-long members, the ledge detailing, along with the extra fl exural reinforcement, proved satisfactory at forcing the skew-bending failure mode and demonstrating the capability of the uniquely reinforced end regions to resist combined shear, torsion, and plate bending.
An additional point that should be raised in regard to this testing is the infl uence of bearing friction. Friction at bearing connections can play a major accepted torsion design equations and, further, did not include any of the reinforcing details typically associated with current shear/torsion design practice. All four spandrels were fabricated without any reinforcement crossing the top of the web outside of the fi rst 14 in. (356 mm) at each end. All sheets of WWR were unbent, and no provisions were made to simulate closed ties in any way.
In addition, reinforcement was detailed such that it could be placed after all of the strands were stressed, allowing for strands to be tensioned in a totally unobstructed casting bed. Detailing the spandrels by this method dramatically increased their constructability; thus, this design approach has the potential to greatly enhance plant productivity.
All four spandrels in the test program behaved satisfactorily at all loading conditions up to and including the factored load condition. In addition, all four spandrels easily passed the ACI 318 recovery criteria for a 24-hour load test and recovered to acceptable levels within 1 hour of releasing that load. It is important to note that this load test was conducted at the load role in determining the out-of-plane behavior of a spandrel, as was highlighted in the experimental differences between spandrels SP2 and SP1. Incorporating slide bearings in the testing of spandrels SP1, SP3, and SP4 ensured that these beams were subjected to support conditions much more severe than those typically encountered in service, further demonstrating the capability of open reinforcement to resist out-of-plane deformations in slender members. A fi nal note on the welded connections between double tees and spandrel face is that this connection confi guration was a critical factor in determining the out-of-plane movement of the slender spandrels. Forces transferred through this connection have the potential to greatly infl uence behavior. All double-tee-to-spandrel connections in this testing program were welded to represent the reality of a parking structure, but the impact of such connections should be considered in any future studies.
CONCLUSIONS
The potential benefi ts of eliminating closed stirrups from slender precast concrete spandrels are immense. Open reinforcement provides greatly enhanced constructability over traditional closed stirrups and presents signifi cant potential for increasing plant productivity. Unfortunately, the concept of constructing slender spandrels without closed stirrups is not yet a reality because practical guidelines for implementation do not exist. The relatively small testing program outlined here demonstrated the feasibility of this concept for one specifi c set of conditions.
While the test results of the four spandrels presented are encouraging, a large number of factors need to be examined, both experimentally and analytically, before the precast, prestressed concrete industry can fully embrace a new design approach for proportioning slender spandrels. However, with signifi cant and appropriate study, it appears that a design approach could be developed for proportioning slender precast concrete spandrels without closed reinforcement while still maintaining the safety, serviceability, and reliability expected from precast concrete members.
